Oxytocin produces anxiolytic effects via the central nucleus of the amygdala but how the peptide reaches its receptors in this region has been unclear. In this issue of Neuron, Knobloch et al. (2012) demonstrate that evoked oxytocin release from axon terminals within the central amygdala results in attenuation of fear.
The evolutionarily preserved neuropeptide oxytocin (OT) is perhaps best known for its role as an important hormonal regulator of mammalian reproductive processes such as cervical softening, uterine contraction, and milk ejection. In addition to these peripheral effects, OT is involved in functions of the central nervous system. From enhancing social recognition, pair bonding, and maternal behavior to reducing stress effects and pain sensitivity, central effects of OT have been demonstrated in many mammalian species (Landgraf and Neumann, 2004) . OT strengthens pair bonding in monogamous female prairie voles, whereas blocking OT receptors prevents pair bonding. OT can induce maternal behavior in virgin rats whereas rats selectively bred for strong maternal behavior start to neglect their pups when central OT receptors are pharmacologically blocked. In humans, intranasally applied OT attenuates the stress response induced by public speaking, and OT release during breast-feeding lowers stress hormone levels and elevates mood in mothers (Lee et al., 2009) . Interestingly, these anxiolytic effects of OT have been associated with reduced neuronal activation in the amygdala, a key brain structure for anxiety and fear (LeDoux, 2000) . The central nucleus of the amygdala (CeA), comprising lateral (CeL) and medial (CeM) subdivisions, mediates acquisition and expression of behavioral as well as autonomic fear responses (Maren and Quirk, 2004) . Strong OT receptor expression within the CeL has been reported, and in mice, local application of OT in the CeA results in attenuation of conditioned fear responses (Viviani et al., 2011) . However, the way by which OT reaches the CeA to affect fear has remained unclear (Neumann, 2007) . Neurons of the paraventricular (PVN), supraoptic (SON), and accessory magnocellular (AN) nuclei of the hypothalamus synthesize OT and release it via their axon terminals in the posterior pituitary from which it enters the blood stream. Because OT cannot pass the blood-brain barrier, its effect on CeA function and subsequent fear behavior must be centrally mediated. Axonal projections of hypothalamic OT neurons targeting the limbic system have been reported for olfactory bulb, septum, and hippocampus, but until now, evidence of OT axonal fibers within the amygdala has been limited (Landgraf and Neumann, 2004) . Thus, it was proposed that OT, after dendritic release either from unidentified cells in CeA or from magnocellular neurons in the hypothalamus, would passively diffuse within the extracellular matrix to reach distant target regions, including CeA (Neumann, 2007; Ludwig and Leng, 2006) .
In general, there are numerous routes through which neuropeptides are released and reach their targets. They can be secreted over the entire cell membrane including soma and dendrites into the extracellular space and ultimately reach receptors by way of diffusion (Ludwig and Leng, 2006) . Alternatively, neuropeptides can be coreleased at synapses together with classical neurotransmitters such as GABA or glutamate. Depending on the amount released and because of relatively long half-lives due to slow degradation in the extracellular space, neuropeptides often spill over from synapses to bind extrasynaptic receptors. Passive diffusion along concentration gradients following dendritic release or synaptic spillover presents a mechanism through which neuropeptides, such as OT or vasopressin, without using direct cell-to-cell connections, can modulate the activity of their target cells. However, because these diffusion processes are both slow and undirected, this comes at cost of temporal as well as spatial specificity of neuropetidergic signaling. Focal release of neuropeptides at synaptic sites on the other hand ensures tight control of time course and spatial extent of neuromodulation. In the current issue of Neuron, Knobloch et al. (2012) combine a comprehensive array of classical and modern techniques to investigate how OT reaches the CeA and to characterize the mechanism by which OT modulates neuronal circuits within the CeA to reduce fear.
Using an adeno-associated virus to introduce a fluorescent marker under control of an OT-specific promotor into lactating rats, OT cells and their axonal projections could be efficiently tagged, identified, and anatomically studied. Knobloch and colleagues found that projections from the PVN are stronger and target a greater number of structures than fibers originating from the SON, and that OT fibers within the CeA emanate predominately from the AN (Figure 1 ). Morphologically, these efferents resembled traversing axons in the CeM whereas prominent varicosities indicated axon terminals in the CeL. Virally mediated expression of the axonal marker Tau and expression of the synaptic marker synaptophysin in OT fibers revealed that these axons also form synapses within the CeA. Electron microscopy confirmed the presence of synaptic contacts between OT immunoreactive axon terminals and dendrites in the CeL. Furthermore, colocalization of the glutamate transporter VGLUT2 indicated that these synapses are likely to release glutamate in addition to OT.
The presence of OT axonal projections in the CeA leads to the question of how their stimulation affects information processing in the CeA. The authors, as well as others, have shown that CeM output cells are under tight inhibitory control by GABAergic interneurons located in CeL and that exogenous application of OT in the CeL results in inhibition of neuronal activity in the CeM (Cassell et al., 1999; Huber et al., 2005; Ehrlich et al., 2009; Viviani et al., 2011) . The CeM, in turn, is well known as the major output by which the amygdala determines the expression of fear-related behaviors (LeDoux, 2000; Maren and Quirk, 2004) . A microcircuit within CeA important for acquisition as well as expression of fear has recently been characterized (Haubensak et al., 2010) . Pharmacological inactivation of CeL in mice resulted in freezing, a characteristic fear behavior, and this effect could also be triggered by optogenetic activation of CeM . Does local, endogenous release of OT affect neuronal activity within this microcircuit? In the present study, this question was initially addressed using an in vitro optogenetic approach in acute brain slices. Fiber terminals of channelrhodopsin-2 (ChR2)-expressing OT neurons in the CeL were exposed to blue light during whole-cell recordings of CeL neurons. Interestingly, one-third of the recorded cells responded to light exposure with an increase in action potential frequency, an effect that was blocked by application of an OT antagonist to the slice. The authors then investigated the downstream consequences of this increased activity of CeL neurons by recording from their targets in the CeM. Light stimulation of OT fibers in the CeL resulted in a dramatic increase in the frequency of inhibitory postsynaptic currents in CeM neurons. Again, this effect could be prevented by blocking OT receptors. Knobloch et al. (2012) next investigated whether local axonal release of OT within CeL would have an effect on fear-related behavior in vivo. To accomplish this, optical fibers targeting the CeL were implanted in rats expressing ChR2 in hypothalamic OT neurons (Figure 1) . The authors hypothesized that evoked OT release within CeL should lead to attenuation of fear. To test this, rats were first run through a contextual fear conditioning procedure during which they received several mild electrical shocks in a novel environment. When these rats were put back into the context in which they had been shocked, they exhibited strong freezing responses indicative of high fear levels. In one experiment, the CeL was illuminated with pulsed blue light for either 20 or 120 s while rats were reexposed to the conditioning context. Strikingly, freezing rapidly declined to 50% of initial levels upon light stimulation. Even after blue light had been turned off, freezing levels remained relatively low and returned back to prestimulation levels only after 70 to 120 s. To confirm that this effect was due to OT release specifically within the CeL, an OT receptor antagonist was bilaterally injected into CeL before light stimulation. This treatment completely blocked light-induced attenuation of freezing, providing strong evidence that the anxiolytic effect of OT was indeed mediated by its action within CeL.
To determine the exact location of OT neurons projecting to the CeA, the authors used a trans-synaptic labeling approach based on mutated rabies virus (Wickersham et al., 2007) , which demonstrated the existence of monosynaptic connections between hypothalamus and central amygdala. In line with their anterograde tracing experiments, projection neurons were found in and around the PVN, SON, and AN. Coimmunostaining for oxytocin showed that the majority of the OT-containing projections originated in the AN. Using the same method, the study contributed a final piece to the puzzle by demonstrating that the labeled projections to the CeA were in fact axon collaterals of hypothalamic magnocellular OT neurons, which are classically considered to project to the pituitary, but not to the amygdala (Ludwig and Leng, 2006; Lee et al., 2009) . Knobloch et al. (2012) add to our understanding of the central OT system by convincingly demonstrating the presence of OT-positive axon terminals in the CeA. Previous investigations of hypothalamic OT efferents reported sparse OT-immunoreactive fibers in this region, probably because of less advanced detection and imaging methods. In contrast, the development and viral delivery of an efficient minimal OT-specific promoter allowed precise genetic targeting of OT neurons and strong expression of fluorescent markers, thus enabling the authors to quantify OT projections within the CeA and in many other distant brain regions. Additional imaging using light and electron microscopy provided strong evidence for synaptic localization of OT within CeL. Importantly, the present study also presents data from in vitro experiments that argue for a functional role of axonal OT in the CeA, as well as in vivo evidence for a fear-reducing effect of intra-amygdala, endogenous OT. However, the time course of light-induced CeL activation and subsequent inhibition of CeM output remains to be characterized in detail to further understand of the underlying mechanisms of focal OT release within CeA and its behavioral relevance. In the present study, the temporal dynamics of light-induced OT effects lie in a broad range of a few seconds up to minutes, and thus outside the range of a fast and time-locked synaptic neurotransmitter effect. This observation, however, does not exclude the proposed presynaptic release mechanism for OT, which presents the starting point of postsynaptic receptor binding followed by relatively slow G protein-coupled receptor-dependent signal transductionultimately pushing CeL cells to firing threshold. It is conceivable that local diffusion within CeL of synaptically released OT to extrasynaptic sites contributes to the described time course. However, if passive diffusion from the hypothalamus were the main route by which OT reaches the CeA, a much longer delay in onset of the effects would be expected (Ludwig and Leng, 2006) . So how can we interpret these intermediate temporal dynamics of OT effects within CeA and on resulting fear responses? Whereas the very rapid onset (within a few seconds or less) of fear responses to aversive threats is vital for survival, temporal precision and speed of fear reduction may not be as important. In fact, a more sluggish return to lower fear states may be adaptive in ambiguous situations with fluctuating threat levels. The present study suggests that the fear-attenuating effects of OT in the CeA are predominantly achieved by synaptic signaling characteristic of a neuromodulatory effect. However, compared with temporal precision, the gained spatial specificity due to synaptic OT may be the more important determinant of the local axonal release mechanism underlying reduction of fear behavior. Future lack-of-function experiments using lightactivated inhibitory proteins would help to understand the significance of axonal OT release during naturally occurring behavioral readjustment after fear. Those experiments would also avoid the potential back-firing of hypothalamic OT cells by stimulation of their axons, thus overriding the physiologic situation, in which axonal and dendritic release can be regulated independently. Knobloch et al. (2012) present evidence strongly suggesting an excitatory postsynaptic OT effect on CeL neurons that inhibit CeM output, thus directly reducing expression of fear. It is not known whether OT could also, via presynaptic mechanisms, modulate inputs into the CeL during recall of conditioned fear, thereby contributing to the reduction of fear.
Given that there are marked sexspecific differences in OT as well OT receptor expression, and anxiolytic effects of oxytocin have been mainly reported in lactating females, it remains to be investigated whether the present findings exclusively obtained in female rats also apply to males and therefore reveal a more general, cross-gender mechanism for attenuation of fear.
The new insights provided by the present study into OT function within CeA circuits were gained through combining efficient viral delivery tools, classical electrophysiology, and a robust behavioral paradigm with optogenetic technology. Traditional methods of intervention with neuropeptidergic systems such as application of agonists and/or antagonists of the corresponding receptors had shortcomings in terms of time course and cell specificity-the advent of optogenetics now overcomes these limitations in that stimulation patterns with high temporal precision can be applied to identified subpopulations of neurons (Fenno et al., 2011) . The successful application of a viral, minimal promoter approach is exemplified in the present study and creates novel opportunities to investigate the OT system in rats and potentially across mammalian species (Knobloch et al., 2012) . In mice, combining cell-specific Cre-recombinase strains and viral delivery of loxP-flanked constructs for opsins presents an alternative approach.
Taken together with previous findings from the same group and others (Viviani et al., 2011; Ciocchi et al., 2010) , the findings of the present study suggest the existence of distinct routes by which fear signals flow through the central amygdala. This signals use previously unknown, spatially overlapping but nonetheless functionally segregated neuronal networks that underlie different components of the fear response, e.g., behavioral versus autonomic or active versus passive fear expression. These microcircuits consist of neurons characterized by distinct expression of marker proteins such as neuromodulators or their receptors, which in turn directly impact on cellular function and subsequent circuit output. We now have the possibility of genetically targeting and interfering with selected circuit elements to not only characterize anatomy and connectivity, but also to investigate their specific function (Haubensak et al., 2010; Letzkus et al., 2011) and thus to dissect neuronal circuitry underlying complex behavior with unprecedented precision.
